The Volcán de Colima, one of the most active volcanoes in Mexico, is commonly affected 14 by tropical rains related to hurricanes that form over the Pacific Ocean. In 2011, 2013 and 15 2015 hurricanes Jova, Manuel and Patricia, respectively triggered tropical storms that 16 deposited up to 400 mm of rain in 36 hrs, with maximum intensities of 50 mm/hr. Effects 17 were devastating, with the formation of multiple lahars along La Lumbre and Montegrande 18 ravines, which are the most active channels in sediment delivery on the S-SW flank of the 19 volcano. Deep erosion along the river channels and several marginal landslides were 20 observed, and the arrival of block-rich flow fronts resulted in damages to bridges and paved 21 roads in the distal reaches of the ravines. The temporal sequence of these flow events is 22 reconstructed and analyzed using monitoring data (including video images, seismic records 23 and rainfall data) with respect to the rainfall characteristics and the hydrologic response of 24 2 the watersheds based on rainfall-runoff numerical simulation. For the studied events, lahars 25 occurred 5-6 hours after the onset of rainfall, lasted several hours and were characterized by 26 several pulses with block-rich fronts and a maximum flow discharge of 900 m 3 /s. Rainfall-27 runoff simulations were performer using the SCS-Curve Number and the Green-Ampt 28 infiltration models, providing similar result in detecting simulated maximum watershed 29 peaks discharge. Results show a different behavior for the arrival times of the first lahar 30 pulses that correlate with the simulated catchment's peak discharge for La Lumbre ravine 31 and with the peaks in rainfall intensity for Montegrande ravine. This different behavior is 32 related to the area and shape of the two watersheds. Nevertheless, in all analyzed cases, the 33 largest lahar pulse always corresponds with the last one and correlates with the simulated 34 maximum peak discharge of these catchments. Data presented here show that flow pulses 35 within a lahar are not randomly distributed in time, and they can be correlated with rainfall 36 peak intensity and/or watershed discharge, depending on the watershed area and shape. 37
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This outcome has important implications for hazard assessment during extreme hydro-38 meteorological events since it could help in providing real-time alerts. A theoretical rainfall 39 distribution curve was designed for Volcán de Colima based on the rainfall/time 40 distribution of hurricanes Manuel and Patricia. This can be used to run simulations using 41 weather forecasts prior to the actual event, in order to estimate the arrival time of main 42 lahar pulses, usually characterized by block-rich fronts, which are responsible for most of 43 damage to infrastructures and loss of goods and lives. 44 The source area of rain-triggered lahars at Volcán de Colima corresponds to the uppermost 115 unvegetated portion of the cone ( Fig. 1 and 2a includes the entire NW slope of the cone, before elongating towards the SW, being up to 128 1500 m in width. These differences in area and shape can be correlated with a different 129 water discharge response during a rainfall event. In circular drainages, i.e. the proximal 130 portion of La Lumbre watershed, all points are equidistant from the main channel so all the 131 precipitation reaches the river at the same time, concentrating a large volume of water. In 132 contrast, in a more elongate basin, lateral drainages quickly drain water into the main 133 channel at different points resulting in a lower total discharge. The Gravelius's index Kg 134 (Gravelius, 1914; Bendjoudi and Hubert 2002) , which is defined as the relation between the 135 perimeter of the watershed (P) and that of a circle having a surface equal to that of a 136
is here estimated for Montegrande watershed and for the upper, circular portion of La 138
Lumbre watershed, obtaining values of 1.7 and 1.1 respectively. The lower the value, the 139 more regular the basin's perimeter and the more prone it is to present high runoff peaks. 140
Based on these considerations, at La Lumbre watershed a larger volume of water 141 concentrates along the main channel because of its larger surface and circular shape, but 142 after a larger period of time relative to the Montegrande ravine, where a minor volume of 143 water quickly reaches the main drainage. 144 145
Lahar Monitoring at Volcán de Colima 146
In 2007, a monitoring program was implemented at Volcán de Colima. Initially, two rain 147 gauges were installed to study lahar initiation (AR and PH sites, Figure 1 The seismic signal is here analyzed to detect the arrival of main flow fronts and to estimate 174 the discharge variation. For this, only the amplitude of the signal is considered, which can 175 be correlated with the variation in the maximum peak flow discharge 176 Vázquez et al., 2016a). In particular, for lahars at Volcán de Colima a correlation between 177 the maximum peaks in amplitude and the maximum peak in flow discharge was found ( 
Rainfall during hurricanes 214
Rainfall data were obtained from different rain gauge stations (Table 1 and Fig. 1 ). In 215 particular, for the events studied at Montegrande ravine, rainfall data came from the rain 216 gauge installed at SMMg while for the Patricia event, the more proximal available rain 217 station is located at the top of the Nevado de Colima volcano (NS, Fig 1) . It is worth 218 mentioning that at Volcán de Colima, during stationary rainfall events associated to 219 hurricane, no important differences in rainfall duration and intensity are detected at regional 220 scale. For instance, the measured rainfall associated to Hurricane Jova was alike at two rain 221 gauges located at more than 7 km of distance (MSMg and MSL) and during Hurricane 222
Patricia same duration and intensity values were recorded by station NS and a station 223 located in the Colima town, 30 km S from the volcano summit (Fig. 3b) . with only another 40 mm falling during the following 13 hrs (Fig. 3a) . These differences 227 are more evident plotting the 10-min accumulated value normalized over the total 228 accumulated rainfall (Fig. 3c) . Average rainfall intensities calculated over a 10-min interval 229 range from 32 mm/hr to 37 mm/hr for Manuel and Patricia events respectively and up to 43 230 mm /hr for the Hurricane Jova (Table 1) where S is the potential retention related to the CN as follow (Mockus, 1972) : 288
Based on these equations a value of Ks equal to 20 mm/hr corresponds to a CN of 75.5 in 289 the range of values here used for the SCS-NC infiltration model. 290
The G-A infiltration model was tested in La Lumbre ravine, using the Patricia event and 291 comparing the simulated watershed discharge curve with the available video images. Figure  292 4 shows the discharge curve that best fits the data gathered from the images, based on 293 which the two methods were qualitatively calibrated. The G-A infiltration method nicely 294 reproduce the initial scouring of a muddy water corresponding with the first increase in the 295 simulated watershed discharge. The SCS-CN infiltration model is not able to reproduce this 296 first water runoff. This can be explained considering that the initial abstraction due to the 297 interception, infiltration and surface storage, is automatically computed in the SCS-NC 298 method as 0.2S, being probably too high for the studied area. In contrast, with the G-A 299 method, the initial abstraction can be modified and best results were obtained with a value 300 of 6 mm corresponding to a surface typical of a vegetated mountain region. However, both 301 infiltration models give similar results for the main peaks of the simulated maximum 302 watershed discharge that correspond to the arrival of the main lahar pulses observed in the 303 images (Fig. 4) . These results show that the G-A model is much more reliable to detect 304 precursory slurry flows, while both models are equally able to catch the main surges of a 305 lahar. One important point is that the simulations are here used to set up an EWS to forecast 306 the lag time of the main lahar surges. The first slurry flows were important to calibrate the 307 G-A simulation but they do not represent an essential data for the EWS. In addition, input 308 data for the G-A method often are difficult to set, requiring great care in its measurement; 309 in contrast, the output of the SCS-CN method only depend from the CN value. The SCS-310 CN method has been largely used in rainfall-runoff modeling, and we consider that it is a 311 valuable method for the objective of the present work, as we are not seeking a quantitative 312 estimation of the watershed discharge but the arrival times of the main lahar pulses. (Table 4) . 320
This exercise shows that the uncertainty in simulated maximum peak discharge is in the 321 range of 0.1 hr, pointing that a global CN value could also be used for the Volcán de 322
Colima. 323 324

Results 325
During the Hurricane Jova, lahars started at around 07:20 GMT (all times here after 326 reported as GMT) in the Montegrande ravine after c. 40 % of the total rain (240 mm) had 327 fallen (Fig. 5a ). The event lasted more than 4 hours, and three main peaks in amplitude can 328 be detected in the seismic signal (Fig. 5a ). The first two peaks are similar in amplitude 329 (0.015 cm/s) and separated by more than 2 hours of signal fluctuation. Less than one hour 330 after from the second peak, a single, discrete pulse can be recognized (0.05 cm/s in 331 amplitude), followed by a "train" of low-amplitude seismic peaks that lasted for more than 332 an hour. 333
Along the same ravine, an extreme event was recorded on 11 June 2013 and is here 334 introduced to better discuss the hydrological response of the Montegrande ravine. It 335 represents an unusual event at the beginning of the rainy season, with 120 mm of rain 336 falling in less than 3 hrs (Table 2) , and a maximum peak intensity of 140 mm/hr (Fig. 5b) . 337
Based on the seismic record and still images of the event, this lahar was previously 338 characterized as a multi-pulse flow, with three main block-rich fronts (I, II and IV, Fig. 5c The lahar recorded during Hurricane Manuel along the Montegrande ravine shows a similar 353 behavior to that described for the Jova event (Fig. 7) . As it occurred during the night no 354 images are available. Based on the seismic record from the BB-RESCO, lahars started at c. Fig 7) . 360
In the case of Hurricane Patricia, seismic data (from the geophone) and still images were 361 recorded at the La Lumbre monitoring station. Based on these data, at c. 16:25 a slurry flow 362 starts on the main channel (Fig. 4) no images were available, the amplitude of the last pulse (0.07 cm/s) suggests it was larger 369 than those previously described. As observed for the three previous events recorded at 370
Montegrande ravine, the largest pulse again corresponded to the last one. 371
The results of the rainfall-runoff simulation are plotted as a normalized curve of the total 372 runoff hydrograph (watershed discharge), along with the normalized accumulated rainfall 373 and its intensity (calculated over a 10-min interval) (Fig. 9) . In the same plot, the arrival 374 time of the main lahar pulses here analyzed is also indicated (red triangles, Fig. 9 ). By 375 comparing the simulated watershed discharge with rainfall intensity, a general correlation 376 can be observed for the Montegrande basin during hurricanes Jova and Manuel (Fig. 9a and  377 b), contrasting with the 11 June 2013 event (Fig. 9c) , where the simulation is not able to 378 reproduce watershed discharge during the first minutes of the event when most of rainfall is 379 accumulated and maximum rainfall intensities are detected. 380
If the arrival times of the main lahar pulses are considered, the events associated to the 381 hurricanes Jova and Manuel along the Montegrande ravine show a similar behavior. In both 382 cases, early slurry flows are detected after ~40% of the total rain is accumulated. The main 383 flow pulses better correlate with the highest rain intensity values, which also correspond 384 with maximum peaks in simulated watershed discharge; the last, largest pulse corresponds 385 with the maximum simulated peak discharge of the watershed. Finally, analyzing the 386 simulation in the Montegrande ravine for the 11 June 2013 event, it is possible to observe a 387 different behavior. The lahar starts as less than the 10% of rain is accumulated, the main 388 lahar pulses perfectly correlate with the peak rainfall intensities, and only the last largest 389 pulse correlates with the watershed peak discharge. For La Lumbre watershed in 2015 a 390 clear correlation between peak rainfall intensities and simulated watershed discharge is not 391 clear. . For the Patricia event, along the La Lumbre ravine, first slurry flows (pulse I, fig.  392 7b) also starts after 40% of total rainfall, but main lahar pulses fit better with the simulated 393 peaks watershed discharge Fig. 9d) . 394 lahars started after the 40% of total rain had accumulated (corresponding to c. 100, 120 and 406 160 mm of rain respectively), and apparently the timing for the main pulses correlates well 407 with the peaks of the rainfall intensity for the Montegrande ravine, while for La Lumbre 408 ravine they better match with the peaks of the simulated watershed discharge. The observed 409 differences between Montegrande and La Lumbre ravines can be correlated with the 410 different areas and shapes of the two catchments. In fact, due to its elongated shape (K G = 411 1.7) and small area (2 km 2 ), the Montegrande watershed shows a quicker response between 412 rainfall and discharge, with a rapid water concentration at different point along the main 413 channel (Fig. 1b) . This behavior is much clearer for the 11 June 2013 event, which occurred 414 at the beginning of the rain season when soils on the lateral terraces of the ravines show 415 hydrophobic behavior ). The simulation was not able to reproduce any 416 watershed discharge at the beginning of the event, because the hydrophobic behavior of the 417 soils inhibits the infiltration and the water runoff quickly promotes lahar initiation. During 418 this event, the first lahar pulses perfectly match with the rainfall peak intensities (except for 419 the last major pulse), starting from the very beginning of the rainfall event. In contrast, La 420
Lumbre ravine has a wider, rounded upper watershed (K G = 1.1; A = 14 km 2 ) that is able to 421 concentrate a larger volume of water entering the main channel where lateral contributions 422 still increase water discharge further. Even if rain during hurricanes Manuel and Patricia 423 showed a similar behavior (Fig. 3) , the catchment response of La Lumbre is clearly 424 different with a pulsating behavior of lahars mainly controlled by the watershed discharge. 
